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DESIGN CONSIDERATIONSFOR VEHICULARFUEL CELL POWERPLANTS*

D. K. Lynn, J, t!.McCormick, R. E. Bobbett,
S. Srinlvasan, and J. R. Huff

Los Alarnos National Labor~t.my
Los Alamos, NM 87545

ABSTRACT

Fuel cells show great promtse as an efficient, nonpolluting vehicular

power source that can operate on nonpetroleum fuel. As with other power

sources, design tradeoffs can be made that either improve vehicle perform-

ance or reduce the size and cost of the fuel cell power system. To evalu-

ate some c,fthese tradeoffs, a number of phosphoric acid fuel cell power

plant designs have been studied to determine the performance level they

would provide, both for a compact pas~enger vehicle and a 4L1-ft city bus.

The fuel is steam reformed methanol.

The analyses indicate that 1978 fuel cell technology can provide a 22

to 50% improvement in fu~l economy over the l!W EPA estimate for the con-

ver,tionally powerfwl6encral Motors X car. With this technology the city

bus can meet the DOT acceleration, ~r~rfability, antitop speed requirements.

A reasonable advance in fuel cell technology improves performance md t’uel

coflsumption of both whiclus suostant.ially.

—... . — -—- - . - -- . -.,. . .. --
*1’hiswrh WJ5 pcrlornkxl undw thu auti)icos of’ the US Department of Lne].gy.
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acid fuel cell (PAFC) system operating on methanol, which is steam refcrmed

on board the vehicle. The fuel CP1l used for the consumer vehicle is based

on data supplied by Energy Research Corporation (ERC) for a 1978 study of

fuel cells for transportation.2 In addition, two advanced fuel cells are

considered for consumer vehicles. The first has a polarization curve !n-

creased by 7S mV over the base line; the second is improved by 150 mV. The

city bus uses a fuel cell based on the bOO-h characteristics of the United

Technologies Corporation (UTC) 40-kW on-site fuel cell power plant.

Design tradeoffs can be made on the fuel cell power system to improve

vehicle performance or reduce the size and cost of the fuel cell. Each of

the fuel cell systems was analyzed at two operating points. Operation at a

low-power density provides high efficiency and a high peak/nominal power

ratio. l-hebenefits are reduced fuel consumption and improved vehicle per-

formance, on the other hand, oper~ting the fuel cell at a high-power den-

sity reduces fuel cell ~iyht, volume, catalyst requirement, and cost.

Vehicles with six different fuel cell power plants are analyzed and the

cost/perforrrrancetradeoffs are examined.

The vehicles wre analyzccl with a fuel cell/battery vehicle simulation

program developed at Los Alamos National Laboratory. A detailed analysis

of compolient,operation and interaction, in terms of voltage, current, fuel

consumption, torque, anu angular velocity as a function of time, is used to

calculat(! ttlevehicle’s perforlllanceand fuel consumption, for each drive

cycle specilied.

11. LL)liSUbltiKVLIIICLE

Thu consumer vehicle is basul on the body and chassis of the General

Matar-s X car that has a rolling friction of LI.L)114 lb/lb and an aerodynamic

drag fllcturof U.417. lhe drive tr~in retained the 4-speed manual trans-

mission, but thu final driv~ ratio was chanled to m~et design requirements.

rhe base-line vehicl[!s uae current. lechnulogy fuel cell data and tl~efol-

lowing clirrently avalldhlc el~ctricill compuncnts:

o A dc, series-wound. Zl)-hp pr~stiJlit~ motor.

o Ar)SCI{chopper conLrC)ller with bypass &nd field Wecikun’nq.

o A 4.U-kWh (20-11!’au!) Icad-aciclbattery.

-2- Nar. 31, lwl



Except for the battery, these components are a’isoused for the ad-

vanced fuel cell vehicles. An advanced battery based on nickel-zinc bat-

tery data is used with the advanced fuel cells. This reduces the battery

weight by 176 lb. The primary purpose of the battery is to provide vehicle

power during fuel cell warm-up, although it does provide some peaking

power.

The base-line fuel cell data were supplied by ERC in 19782 and are

consistent wii

ERC. The nom”

A/ft2 (ASF).

75 mV and 150

operating poil

h the characteristics of a 2-kW stack recently obtained from

nal operating point for this fuel cell is O.bV/cell and 150

The two advanced fuel cells have characteristics improved by

mV. These three fuel cell systems were each analyzed ~t two

ts. The first is at a low-power density for maximum

performance; the second is at a high-power density fcr minimum fuel cell

cost= weight, and volume. This led to the following six power sources that

were analyzed for the General Notors X car.

o Base-1ine fuel cell (0.6 V/cell, 150 ASF)

o Base-1ine fuel cell oFeration at higher power density for light

weight/minimum fuel cell (0.5 V/cell, 436 ASF)

o Base line +75 mV designed for fuel economy (0.b75 V/cell, 150 ASF)

o Base line +75 mV designed for light weight/minimum fuel cell

(0.6 V/cell, 35ti,?SF)

o b~se line +1S0 InVdesigned for fuel eccnomy (().75V/cell, 150 ASF)

o I.)dse line +15U mV designed for ligtltweig!lt/mi:limumfuel cell

(0.6 V/cell, 58(JASr)

Some characteristics nf the base-line t’u~lcell strick are listed in
.
1.

liachvehicle was designed to cruise at 6(Jmph with the control’

bypass and had a top speed (with field weak~ning) of 65 to 70 mph.

bdtteries ‘were sized for a 15-min fuel cell start-up time, That is,

vehicle can be driven for 15 min on the batteries until the fuel cc

aches its operating temperature.

Table

er in

Ihe

the

I rc-

The results of the dnalyses arc sumarized in Table JI. IllCCKII~GSQ

the gasolirw equival~nt fuel colisumptiotlwas :.ubstiintiallyless thw the

EPA estimate fur th~ cc)nver]tionallypowcreu Gene:dl PbLors X car. The im-

provement in the cmbilm,i urban and highway driving ranged from 53% fur the

ED612L).JU “J- Mar. 31, lXI1
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base-line fuel cell to 100% for the +150 mV advanced fuel cell. Note also

that for the fuel-cell-powered vehicle the mileage on the urban driving

schedule (LJDS) is nearly the same as for the highway driviog schedule

(t!DS~ VIIile for the internal-combustion-engine- (ICE) powered vehicle the

UDS ,Ileage is substantially lower. This is because the fuel cell effi-

ciency increases slightly at reduced power levels. The efficiency of an

ICE is reduced substantially when the power level is throttled back.

The O- to 50-mph acceleration tillleof the base-line vehicle was

designed to be comparable to that of mday’s diesel-powered passenger

cars. The advanced fuel cells provide a substantial improvernel]tin O- to

5Wnph time. The weight of the base-line vehicle is increased by 724 lb,

while the weight of the advanced fuel cell vehicle is less than 1[10 lb over

that of the ICE vehicle.

III. CITY INS

The city bus has some significant advantages for an early vehicular

application of fuel cells. These advantages include centralized refueling,

centralized maintenance, better control of maintenance and operating condi-

tions, offsetting higher initial cIJst with possible lower maintenance

costs, a larg~r volume to work with , and less problem with increased

weight.

The performance of a 4L1-ft, 48-passenger (full seated load), N2-in.-

wide city bus is evaluated. The bus is based on the General Motors of

Canada, Ltd., hloclel 1UHWJ74.*4 A 134-hp, series-wound, dc motor is used.

The motor characteristics are scaled from the General Eleclt-ic u12s7~ (36

hp at lZLIV, 21(.)Urpm). The controller is an SCI{clluppcr with bypass and

field wakening. tiatterics wre not used for the bus since start-up time

should not be a problem and the fuel cell met the peak power requirements.

The fuul CC1l is based on the 500 h characteristics of the UTC 4(IKW 011-

site power plant. lhe nominal opr:rating point is LI.IJ43 V/Cull ~L 160 A$F.

In addition, the ~ystum WJS an~lyzed at a high power density r)periit.ing

point (0.5 V/cell, 44b ASF). lablcs 111 and IV list SOIIIeof the but md

fllelcell stack characteristics.

The bus was designed to have a cruise cal~hility of W mph to wishy

meet the 55 mph cruise rcquitenmt of the Departnmt of Transportation

EIM12L).Ju -4-
S—
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(DOT) comnuter driving schedule. The top speed is about 65 mph, which ex-

ceeds i:heDOT requirement of 60 mph. “

The analysis results for the city bus are surmnarized in Tables V and

VI. The maximum performance bus meets ail of the DOT acceleration and

gradability requirements and is just under the maximum cl’rbweight. 13 The

methanol mileage on the DOT composite design operating profile ranges from

2.11 with the hotel load to 2.b4 mpg without the hotel lead (4.59- to 5.74-

mpg diese! equivalent).

The bus with the minimum cost power plant meets the low-power alterna-

tive requirements and all but the 2.5% graclahility requirement for the

standard bus. however, the lower efficiency fuel cell operating point re-

sults in a 24% reduction in the composite cycle mileage.

IV. CONCLUSIONS

The analyses indicate that fuel cells show great promise for both the

consumer vehicle and the city iJus. The lS17tibase-line fuel cell tuchnolcgy

can provide a 22 to 50% improvement in fuel economy for the ICE-powered X

car. An improvement of 75 mV can provide a 70% improvement even wherl tht-

fuel cell size, weight, and cost are minimized. The :o,lger term i5d-mV

improvement can provide up to lL)UI&improvement in fuel consumption. The

city bus, with cut)-t:nttechnology, can meet the DOT acceleration, gradabil-

ity, and top speed requiremerlts, and gets 2,11 mpg of methunol (4.59-mpg

clicsel equivalent) on tileDd”l’composite operating profile for buses.

ThP dcslgn tradc~ffs civ~il~blc allow substantial flexibility in match-

ing a fuel CC1l power so!Jrcc to a particular application. For tllcconsumer

velliclc, upetatiol] at a higll-p~]w(’rdcl]sitywould rcducu tilefront-end cost

and the weight and volume of thu power source. ‘I”hescbeni?fits are obtained

at the co”,tot’ increast:dfuel con~ulvptiun dnd rcduccd pcrformarlce, dlthougll

the calcul,]tud t“uclconsumption is still ~ubst,]llti~llylowet th~n t,t~,~tof

tl~cICI:vutliclc.

011 L+)(! C)thf?! Ildnil, i! fll~l CG1l ~~u~t!t- pl~[]t (lpc,~t.in[]at a lIJWUIIpowur

dcl]!ity seem’~IUOrU appropridt.1~fol.t.hccity bus. lIJC lllgt~urfrot]t-cnd ccst

IlldyWL?ll ilcOffLC?t I)y ttlC lower fuel costs over tilelife of tt~ebus. tur-

tlll?r,I;lluiddl~ional weight ~nd volume requil’cd by ttl[2lower power density

sc’lJrcc~rc lULS im~)tjrt.,ltltfor thu bus.

-5-



References

1.

2.

3.

4.

5.

6.

7.

6,

9.

lU.

11,

12.

B. NcCormick, R. Bobbett, S. Srinivasan, and J. McBreen, eds.,
“Proceedings of the Fuel Cell in Transportation Applications Workshop,
August 15-17, 11177,”Los Alamos National Laboratory report LA-7270-C
(July 1978).

B. McCormick, J. Huff, S. Srinivasan, and R. hobbstt, “Applications
Scenario for Fuel Cells in Transportation,” Los Alamos National
Laboratory report LA-7634-MS (February 1979).

Byron McCormick, Ronald Bobbett, David Lynn, Sam Nelson, S.
Srinivasan, and J. McBreen “Application of Fuel Cells ‘in
Transportation,” Proc. Fourteenth Intersociety Energy Conversion
Engineering Conference, August 5-10, 1979, p. 613.

L).K. Lynn, J. B. McCormick, R. E. Bobbett, C. Derouin, and U. Kerwin,
“Fuel Cell Systems for Vehicular Applications,” SAE Congress and
Exposition, Detroit, Michigan, February 25, 1580, SAE Technical Paper
Series 130C05Y.

R. E. t30bbett, J. U. NcCormick, D. K. Lynn, C. R. Derouin, P. H.
Salazar, and W. J. Kerwin, “Fuel-Cell-Powered Golf Cart,” Electric
Vehicle Expo ’80, St. Louis, Missouri. May 20-22, 1980.

K. V. Kordcsch, “City Cat-with Ii,,-AirFuel Cell/Lead Battery,” Proc.
Intersociety Energy Conversion Conference, 1572, pp. 103-111.

J. Uyron McCormick and James R. Huff, “The Case for the Development of
Fuel-Cell-Powered Vehicles,” Technology Review, p. 54,
August/September 19uCI.

W. J. D. Lscher and R. W. Fost~’r, “An Assessment of the Status ~f Fuel
Cell/Uattery Vehicle power Systems,” brookhaven Uciticinal Laboratory
report !J12’lu ~Fe5ruary l’Jtiu).

A. J. Appleby, F. R. Kalhmwuer, “Thu Fuel Cell: ‘1Prdctical Power
Source for Automotiv6 Propulsion?” IlriveElsctric 00, Wembley, I.olldon,
England, Uctobur 14-17, 19&iU.

J. i~lclJrecn,E. J. Taylor, K. V. Kor~escl,, G. Kissel, F, KulesLI, S.
Srinivasdn, “Fuel Cell Technologies fur Vehicular Applications,”
~rOOkhdVeH Iiatiundl Laboratory report 51U4/ (McIy1Y7Y).

l{.Il.Ureault, J. V. Chngdon, R. D. Coykendall, W. L. Luoma, Il.L.
Mnriclc, A. l’.Miulll,ek,J. O’15ricll,Jr., and l{.D. Suwyer,
“[mpruvcnwt of 1’1101Cull ~ccllll[l!ogybase,” United Tecl]tNJlogIcsreport
FCR-13[J.1, “[uchnical l’ro!~russRl!po)’tNo. h (April 19/9).

T. G. tiunjmnill,L. Il.Camard, ~ondL. G. N~ritlnuwski, “llm.lbook uf Fuel
Cell Performancc,t’ institute :JfGilsTt~ctlllulogy(Nay 1900).

EL)IJIZU.~d -b- Nar. 31, lYLI1



13. Department cf Transportation, “Baseline Advanced Design Transit Coach
Specificatio:,s--A Guideline Procurement Document for New 35- and 40
Foot Coach Gesigns” (November 1978), and addenda 1, 2, 5, and 12
through 18.

14. Standard Specification for GMC Coach Models T6H4523N, T6H5307N,
T8H5307A, General Motors of Canada, Ltd., Diesel Division, July 1980.



TABLE I

BASE-LINE FUEL CELL $TACK AND REFORMER FOR THE CONSUMER VEHICLE*

Maximum Minimum
Performance cost

Operating point (V/cell)

Current density (A5F)

Power density (W/ft2)

Number of cells

Cell area (ft2)

Total area (ft2)

Rated power (kW)

Projected peak power (kW)

Nominal voltage

Average efficiency (UDS)

Weight (lb)

0.6

150

90

160

1.39

222

2C

66

96

39.9

0.5

438

219

192

0.476

91.4

20
27

96

35.7

364

.—
2

*Based on 1978 ERC design.



Total Wight (lb)’

Fuelcell~ight

f4tleageZ
UDS

HDS

Cm ined

0-50 nph time (seconds)

TOP speed

Average fuel cel’/overall
efficiency (UDS)

TAbLE11

SUFWRYOF C(lHPACTPASSEliGER\’EtllCLES1r4CLAT10riW)JLTS

General Fbtors X Car
4-Cylinder, 4-Speed
Manual Transmission

—

289S

-.

24.0

38.0

30.3

--

.-

--

‘Curb wetght plus 3UU lb for passengers
‘Gasoline equivalent

Base Line
Max ilHiifl
Performance

3619

46.5

4b.2

4b.4

15.5

b).b

3Y.9/2b.5

Base Line
}Iinimum
cost

344(J

3b4

35.6

%.6

37.0

17.7

tlL.7

35.7/1!4.0

base Line
+/5 my
I{axinum
Performance’

3143

3W

5i.4

bL1.4

50.5

H.?

b7.5

44.1/27.2

48.5

35.9

31.5

1:.1

bD.4

41.5/24.1

ti.iseLine
+150 n:
%> imim
Periom.ante’

31Z1

35d

base Line
+j5b m~
Miniwm
Lost’

Zld

4>.2

50.2

53.2

15.3

hi.>

43.9 f24. j

‘Advanced b~ttery technology is used with the advanced fuel cells.
This reduces battery wight by lib ib.



FUEL-CELL-POWERED 40-FT CITY BUS

Bus - engine

Fuel cell and reformer

DC motor and controller

Air conditioning

Wheel chair lift

Curb weight

Forty-eight passengers (full seated load)

Simulation weight

22,350-2,850 = 1’3,500

4,420

98(J

1,300

600

26,800

7,200

34,000

Rolling friction 0.01 lb/lb

Frontal area 74 ft2

Drag coefficient 0.7[)7

Hotel load 15 kW

Controller current limit 400 A



TABLE IV

FUEL CELL STACK.AND REFORMER FOR CITY BUS*

Operating point (V/cell)

Current density (ASF)

Power density (W/ft2)

Number of cells

Cell area (ft2)

Total area (f_t2)

Rated power (kW)

Projected peak power (kW)

NO1’liinalvoltage

Average efficiency (C13LJ)

Weight (lb)

Maximum
Performance

0.643

160

103

57b

2.2

1,207

130

331

370

42.5

4,42(J

Minimum
cost

0.500

446

223

740

0.79

583

130

152

37il

34.5

2,60CJ

11
*based on UTC 40-k’A, W-h cl~t~.
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TABLE V

CALCULATED bUS PERFORhlAi’JE

DOT Requirement ~6/80) Simulation Resul:
Standard Low ‘ower Maximum Minfium

Altmnatlve Performance Cust

Top speed (mph) bu 50 65 61

Piax. acceleration times (s)
O-lCimph 5.6 6.(J 2.$ 2.9
0-20 mph 1(.).1 12.0
0-30 mph ~QoQ 24.0 1;:: 1!:;
()-40 mph 34.0 45.CJ 23.6 32.5
0-50 mptl 60.0 .- 48.9 99.9

Grada~i~~ty (mph)
44 34 49 39

12:(I% -. 7 13 12
16.LHi

.,
I .- 9 8

Flax. curb weight (lb) 27,2;)[) 2b,WI 24,950



TA&LE VI

CALCULATEDL’ITY BUS FUEL CONSUMPTION, MILES PER uLIJ)~ OF METH~(JL*

Maximum Performance Wnimun Cost
Wllirmdi Without Hith ~~ut
Hotel Load Hotel Load

Cmntral bu;iness district (ZUmph) 2.05 ~.ba

Arterial (4LImph) 2.lb 2.47

Comnuter (55 mph) 3.22 3.64

Composite 2.11 2.b4

Steaay 55 mph 3.75 4.34

~ltiply by 2.17 t~get diesel equivalent.

Hotel Load Hotel Load

1.58 2.27

1.56 1.93

2.37 3.02

1.61 2.25

3.05 3.68


